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A B S T R A C T
Sand is the third most consumed material in the world, although it is a very scarce material. An exhaustive
knowledge of sand and its behaviour against the waves is important for selecting the most suitable material
to avoid shoreline erosion. To this end, a pattern of behaviour against accelerated wear test has been sought
for 26 sand samples with different characteristics and origins (natural, dredged and quarried), with a focus on
their mineralogy as well as a comparison of beach evolution carried out by other authors. Several techniques
have been applied for characterization: granulometry, calcimetry, XRD and SEM. The results show that the




Coastal environment has been a growing concern among coastal
engineers and researchers for many years. They work together to find
ways of solving key problems that are visibly affecting the fragile
shoreline, such as (i) the interaction between coastal defence struc-
tures and the sea, (ii) beach nourishment duration and its effect on
marine biocenosis, and (iii) the consequence of sediment retention in
dams and watercourse re-channelling, among others. It is a fact that
the construction of certain structures, such as ports and dams, has a di-
rect impact on the sediment contribution to beaches (Aragonés et al.,
2016; Newton et al., 2012). Moreover, the scarce sand available from
the contribution of rivers and ravines is widely used in the construc-
tion industry to produce concrete (Chaplot and Poesen, 2012).
In the last decade, there has been a trend towards soft interven-
tions in coastal defence techniques, providing the endangered beaches
with sand so as to mitigate the shoreline retreat (Burningham, 2006;
Trembanis and Pilkey, 1998). Nevertheless, these soft techniques trig-
ger an additional impact on the coastal environment, such as the sig-
nificant degradation of the Posidonia oceanica (Aragonés et al., 2015;
Pagán et al., 2016).
Anfuso et al. (2003) identified three major factors affecting the
stability of the nourished beaches. The first factor is the designed
beach profile. The second, the size, density, and porosity of the sedi-
ment (Román-Sierra et al., 2014). The third, the wave characteristics
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(Oliveira et al., 2017). Grain density and not grain size was found
to have a decisive role in the durability of beach refill (Eitner, 1996;
Roberts et al., 1998). Paterson and Hagerthey (2001) observed that
the stability of the sediment is greatly affected by the activity not
only of microorganisms, - bacteria, microalgae and fungi - but also of
macro-organisms, such as worms, molluscs, and crustaceans in gen-
eral. Such organisms act either as binders - increasing erosion resis-
tance - or as degraders - through bioturbation (Karl and Novitsky,
1988). Other authors approach the study of seabed stability in terms
of bed displacements in which grains of different sizes are taken into
account. For instance, Van Ledden et al. (2004) and Hir et al. (2008)
suggested that the relative size of coarse and fine particles in a mix-
ture contributes to stabilizing the fine fraction. In this line, Bartke et
al. (2013) conducted some erosion experiments with sand and silt,
proving that seabed stability increased with the presence of small
amounts of silt, and erosion shear stresses tended to occur at high
flow velocities. However, the addition of fine particles to a thicker
seabed does not always ensure stabilization. When the fine-grain con-
tent exceeds a certain percentage, the fine particles form a network
around the coarser grains, interrupting intergranular contact. Then,
the seabed erosion may be said to be predominantly carried out by
the fine-grain fraction; in other words, the fine-grain fraction facili-
tates seabed erosion by transporting coarser sediments (Houssais and
Lajeunesse, 2012; Iseya and Ikeda, 1987; Jackson and Beschta, 1984;
Venditti et al., 2010a; Venditti et al., 2010b; Wilcock et al., 2001).
Seabed stability, however, can also be influenced by some other para-
meters, such as grain shape (Komar and Li, 1986), mineralogy (López
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The process of beach erosion and sand grain abrasion initiates
when a particle gets dislocated by the force of the waves, which takes
place when the fluid's upsurge force is greater than the counteract-
ing resistance of the particle, which is a function of its weight, its an-
gle, and the waves' lifting and dragging force (Allen, 1970; Komar,
1987; Van Rijn, 2007). The different processes by which particles are
abraded are as follows: (i) particle wear by shock, (ii) particle break
Table 1
Name of the beach and origin of the sand samples collected in this study. Origin of the
sample: i) natural, beach nourished in a natural way; ii) quarry, beach artificially nour-
ished by aggregate from a quarry; iii) dredging, beach artificially nourished by dredging
nearby area.
Name of the beach Sand origin Municipality (province)/country
1 Acapulco Natural /Mexico
2 Aguamarina Natural Orihuela (Alicante)/Spain
3 Albir Natural Alfaz del Pi (Alicante)/Spain
4 Arenal Dredging Calpe (Alicante)/Spain
5 Arenales del Sol Natural Elche (Alicante)/Spain
6 Bol Nou Natural La Vila Joiosa (Alicante)/Spain
7 Caló des Moro Natural Santanyí (Mallorca)/Spain
8 Caribe Natural /Dominican Republic
9 Carrer la Mar Dredging El Campello (Alicante)/Spain
10 Deveses Quarry Dénia (Alicante)/Spain
11 El Conde Natural Pilar de la Horadada (Alicante)/Spain
12 El Cura Natural Torrevieja (Alicante)/Spain
13 Fustera Quarry Benissa (Alicante)/Spain
14 Guardamar Natural Guardamar del Segura (Alicante)/Spain
15 Krabi Natural /Thailand
16 La Caleta Dredging Cádiz (Cádiz)/Spain
17 Levante Natural Benidorm (Alicante)/Spain
18 Marineta Cassiana Dredging Dénia (Alicante)/Spain
19 Molinos y Palmeras Quarry Dénia (Alicante)/Spain
20 Portet de Moraira Dredging Teulada (Alicante)/Spain
21 Phi Phi Natural /Thailand
22 Playa Centro Dredging Benidorm (Alicante)/Spain
23 Playa Lisa Dredging Santa Pola (Alicante)/Spain
24 S'Amarador Natural Santanyí (Mallorca)/Spain
25 San Juan Dredging Alicante (Alicante)/Spain
26 Sottomarina Natural Chioggia (Venice)/Italy
down into its different mineral fractions, and/or (iii) particle dissolu-
tion ‑carbonate fraction (López et al., 2016). This last process may be
aggravated by ocean acidification due to the increase in CO2 emissions
(Steinfeldt et al., 2009).
The large number of factors that influence the retreat of the coast-
line complicate its precise modelling (Williams et al., 2017). It is
known wave energy erodes beaches faster if the sand grains are
smaller (same density). This paper examines a wide range of grain
parameters that are not typically studied. The grain parameters that
control the reduction of the grain size (abrasion and dissolution) are
analysed. The aim of the study is to optimise the selection of sand
(size, composition, texture) to avoid a rapid reduction in the size of the
sand and the consequent erosion of the beach in feeding projects. For
this purpose, the behaviour of different sediment samples in relation
to wear is studied, and their relationship with the granulometry, min-
eralogy and morphology of the sand grains is analysed.
2. Materials and methods
2.1. Materials
Table 1 shows the names and origins of 26 sand samples, of which
most (19) came from beaches located in the province of Alicante
(Spain). We added 2 more beaches from Mallorca (Spain) and 5 more
from other countries (Fig. 1) to extend our analysis and compare re-
sults. The sand beach samples feature different origins – from natural
beaches, from dredging, and from quarry.
All the analysed samples were taken directly from the beach. For
sampling, the top 10cm layer of sand was removed, and then a sam-
ple of 500g of sand was taken. Four samples were taken at evenly
distributed points along the beach (3 from the shoreline - centre and
ends - and 1 from the centre of the dry beach). The samples were ho-
mogenised and divided by quartering for each test in the laboratory. In
addition, the granulometry of the 4 samples from the same beach was
compared and it was found to be very similar.
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When we refer to the origin of the sand (natural, dredged or quarry
sand) we are referring to the origin of the sand prior to dumping it
on the beach, since as indicated above all the analysed samples were
taken on the beach.
2.2. Experimental methodology
We conducted five tests on the sand samples for their characteriza-
tion: (i) particle size distribution, (ii) Calcimetry, (iii) accelerated par-
ticle wear (APW), (iv) X-ray diffraction (XRD), (v) scanning electron
microscopy (SEM). In addition, we applied the SPSS 22.0 code (from
SPSS Inc.) for a statistical analysis (vi) of large numbers of data.
(i) Particle size distribution of the sediment sample
We performed the particle size distribution tests following the
UNE 103101 standards and complemented them with the UNE 7050-2
and the UNE 103100 codes. The particle size (in mm) was obtained at
the beginning of each APW test cycle. However, the median sediment
size (D50) together with the specific surface area of each bulk sediment
sample were acquired in two different ways: (i) from the whole sam-
ple, and (ii) after removing the finer particles (sizes <0.063 mm) from
the sample before and after the APW tests were carried out.
(ii) Calcimeter analysis
We measured the percentage increase of CaCO3 content in the wa-
ter resulting from the loss of carbonate in every sand sample under-
going the APW test applying the Bernard Calcimeter method (UNE
103200).
(iii) Accelerated particle wear (APW) test
We performed the APW test (López et al., 2016) to simulate the
abrasion of the sand particle in the swash zone. For this purpose, we
placed 75g of the beach sand sample and 500ml of seawater (from
the beach of Cabo de las Huertas in Alicante) in a magnetic stirrer at
1600 rpm in 24-hcycles. We used the number of cycles applied to each
sample needed to reduce the particle size to <0.063mm as a reference
for determining the particle's wear resistance.
We decided the size −0.063mm- to be the necessary limit for the
analysis results to be meaningful. In real situations, aggregates smaller
than 0.063mm tend to move deeper than the depth of closure (DoC)
(Aragonés et al., 2017; López et al., 2016). That is, they tend to move
towards the abyssal plains by gravitational forces, making them un-
available in the swash zone (Aragonés et al., 2016), and, therefore, un-
accountable for our analysis. When the particles lose size, they move
to a new position in the transversal of the coast, producing a new re-
treat of the shoreline (López et al., 2016).
(iv) X-ray diffraction (XRD)
We determined the mineralogical composition of the sand samples
with a Brucker D8-Advanced diffractometer with a Göebel mirror by
means of XRD. We first ground the samples in a ball mill at a size of
<0.063 mm and then performed an analysis at an acceleration voltage
of 40Kv and a current of 40mA. The angular sweep (2-Theta) was 4°
to 60° for all the samples. A Rietveld analysis with PANalytical High-
score Plus 4.6 software was carried out to quantify each phase present
in the sample. For this purpose, we manually adjusted the background,
cell parameters and peak parameter, and refined the scaling factor.
(v) Scanning electron microscopy (SEM)
We conducted a morphological analysis of the sediment by means
of SEM. The equipment consisted of a Hitachi S3000N with a
thermionic electron gun containing a Brucker X-ray detector XFlash
3001 for microanalysis (EDS) and mapping. The equipment allowed
us to precisely know the microstructure and morphology of the parti-
cles as well as their likely face fracture and heterogeneity.
(vi) Statistical analysis
A summary of the most representative data obtained after the tests,
including an overview of the characteristics of the samples studied,
is provided due to the large number of samples, tests and data gener-
ated by the study. Detailed information about statistical analysis can
be found in Table S1 (Supplementary material).
- Cycles (n): refers to the number of APW cycles needed to reduce the
total grain sample to sizes <0.063 mm, indicating the end of its use-
ful life and thus of the test.
- Particle size distribution: refers to the data obtained from particle
size distribution tests.
- D0 and Dn: refer to median sediment size D50 before undergoing the
APW test, in the first cycle (0), and in the last cycle (n), once the
APW test has been carried out. In both cases, the results include all
the particles that comprise the sample.
- D01, Du and D0n: refer to the diameter loss in percentage (%) be-
tween cycle 0 and cycle 1 (01), in the last cycle (u), and between
cycle 0 and cycle n (0n) of the APW test.
- M0 and Mn: refer to weight in grams before cycle 0 and after cycle
n of the APW test. In neither case, were the particles 0.063mm com-
puted.
- M01, Mu and M0n: refer to weight loss in percentage between cycle
0 and cycle 1 (01), in the last cycle (u), and between cycle 0 and cy-
cle n (0n) of the APW test.
- S0 and Sn: refer to the average of the specific surface area (SSA) in
mm2 before cycle 0 and after cycle n of the APW test. In both cases,
the results include all the particles that comprise the sample.
- S0n: refers to the increase of SSA in percentage between cycle 0 and
cycle n (0n).
- CaCO3: refers to the amount of calcium carbonate dissolved in wa-
ter accumulated in the n cycles of the APW test.
- Mineralogy: refers to the mineralogical composition of the sand
sample in percentage (Rietveld analysis).
Based on the above data, a multivariate statistical analysis is per-
formed, and the results are summarised as follows:
i) Statistical summary of all the variables under study. It includes
such measurements as central tendency, variability and distribution
arrangement. Particularly relevant are those features that determine
whether the sample agrees with the normal Gauss Bell distribution,
as is the case of the standardized Bias and Kurtosis. The values out-
side the range, i.e., between −2 and +2, indicate significant devia-
tion from the norm. The analysis was complemented with Box and
Whiskers charts for variables showing statistics outside the normal
range detected. Values distant from the norm were identified ap-
plying the Tukey test either as being three times greater than the in-
terquartile range, or external - 1.5 times greater than the interquar-
tile range. Outliers, samples with extreme values, were identified
by the Grubb test. For Grubb, any value of p< 0.05 means that
this value is a significant aberrance. Students' statistics were also
analysed, which measures the number of sample standard devia-
tions from the average. All the information is listed in the supple-
mentary material (Table S1).
ii) Study of correlations (matrix of correlations) between all the vari-
ables under study. It includes the following information: (i) the
Pearson product moment correlations (r) between each variable
pair. The p-value derived from the analysis of variance (ANOVA).
P-values <0.05 were considered to be a significant result in this
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variables and the degree of correlation according to the scale of
Evans (Evans, 1996).
3. Results and discussion
3.1. Median sediment size (D50) and specific surface area
The study of beach nourishment requires the understanding of pa-
rameters such as the median particle size (D50), the sediment fall ve-
locity, and the energy represented by the wave height and the period.
These parameters allow coastal engineers to find out the equilibrium
beach profile (EBP) and its lower DoC limit (Aragonés et al., 2016;
Dean, 1973; Hallermeier, 1980; Hallermeier, 1978). In general, if the
size of the nourishing sediment is larger than the original sediment on
the beach, beach nourishment will be successful and therefore, stable
(James, 1974). However, Table 2 shows that some of the sand samples
with initial D50 (D0) larger than others undergo a lower number of cy-
cles in the APW test. In reality, the rapid wear of the particles could
lead to an unsuccessful beach nourishment even if the median size of
the borrowed sediment was larger than the one on the beach.
Considering the results obtained, despite the following samples
having a similar median particle size, samples from both (7) Caló
des Moro (0.286mm-3cycles) and from (19) Molinos y Palmeras
(0.322 mm-4cycles) withstand lower number of cycles than samples
from (22) Playa Centro (0.268 mm-13cycles) and (4) Arenal
(0.237 mm-7cycles). Also, the very strong linear correlation between
D0 and number of cycles (r = 0.94, R2 = 0.89) observed in Table 3, ap-
pears to be highly influenced by the samples (3) Albir, (6) Bol Nou,
(13) Fustera, and (22) Playa Centro. Since these samples were identi-
fied as outliers, we performed a linear and non-linear regression test
again, but this time by omitting these outliers (Fig. 2) we observed that
the linear correlation decreases to very weak (Fig. 3; R2 = 0.18), while
non-linear correlation is moderate (Fig. 3; R2 = 0.47).
Table 3 also shows that the variables D0 and Dn (grain diameter
after undergoing the last cycle of the APW test) have a very strong lin-
ear correlation (r = 0.86, R2 = 0.74), highly influenced by the outliers.
When these outliers were ignored, the correlation decreased substan-
tially for both linear and non-linear correlation (r = 0.31, R2 = 0.09).
The variable D0, and consequently S0, was better rendered by the
SSA increase along the aggregate life cycles (S0n). The greater initial
median grain diameter, the greater the SSA increase after the last cy-
cle of the APW test. If the best fit model is applied to both variables,
D0 and S0n, regardless of the samples included in the analysis, they
show a similar correlation between the two: (i) including outliers (3,
6, 13), r= 0.85, R2 = 0.73); (ii) excluding outliers (Fig. 4), R2 = 0.54 for
linear correlation and R2 = 0.69 for non-linear correlation.
We can conclude, therefore, by stating that D50 and the initial sand
SSA (i.e., before undergoing the first APW test cycle), equivalent to
D0 and S0, are factors that could influence beach nourishment dura-
bility (Chiva et al., 2018; Pagán et al., 2018) but are not decisive.
3.2. Carbonate content
Marine sediments contain a high proportion of carbonates. In fact,
they form the second most abundant compounds in the oceans
(Milliman and Syvitski, 1992). Quartz and bioclastic carbonate are the
main sediment components (De Falco et al., 2003). Indeed, Table 1 il-
lustrates that the main minerals present in our samples once analysed
by XRD and quantified by Rietveld are precisely quartz and car-
bonate minerals. Thus, it is possible to indirectly evaluate the wear
of the tested sand samples in terms of carbonate loss by measuring
the CaCO3 content remaining in the water after each cycle applying
the Bernard Calcimeter method.
An analysis of Table 3 (matrix of linear correlations) provides the
following insights:
- Contrary to expectations, few and weak correlations between CaCO3
accumulated during the “n” cycles and other variables can be appre-
ciated. Table 3 shows the percentage of CaCO3 accumulated in the
water for every sand sample in each cycle of the APW test. In gen-
eral, the CaCO3 content does not increase steadily, which is attrib-
uted to the water used in the APW test. The same water was used
throughout the test and consequently, part of the CaCO3 water con-
tent may have become suspended while the other part settled. When
the sand samples went into the calcimetry test, the test was definitely
unable to account for all the carbonate released. Samples 7, 10, 14,
and 24 are exceptions because they withstood less number of cycles.
López et al. (2016) state that the variation in CaCO3 percentage in
the aqueous phase suggests that not only does a carbonate dissolu-
tion take place but also a colloidal dispersion is produced. The re-
maining variables behaved as expected - number of cycles, or any of
the other variables that measure the variations of particle properties
from the beginning to the end of their useful life—.
- The highest linear correlation detected between CaCO3 and the other
variables was in the Aragonite content (r = 0.73, R2 = 0.54). Arago-
nite increase produces an increase in the dissolved carbonate. Ap-
plying a non-linear model, the strength of the relationship also in-
creases, from moderate to strong (r = 0.81, R2 = 0.66).
- The low amount of CaCO3 in the sand samples and the presence
of quartz showed a weak relationship. The best linear adjustment
model offered the following values: r = −0.55, R2 = 0.30.
- An increase in dissolved carbonates takes place when a loss of the
median diameter occurs in the first cycle (D01).
- To conclude, no clear pattern of behaviour can be observed as far
as the CaCO3 water content is concerned. Although the presence of
aragonite and quartz is influential, our results indicate that they are
not decisive.
3.3. Rapid size losses below 0.063mm at the start or end of the useful
life
Sometimes, after beach nourishment takes place, a strong retreat
of the shoreline is apparent in the first few years. Two of the factors
that intervene in this process have been identified as (i) the forma-
tion of the natural profile after nourishment (Roeland and Piet, 1995),
and (ii) a natural sand bar formation process after a storm (Grunnet
and Ruessink, 2005). A third factor may also be involved, that is, the
rapid wear of the sediment. Table 2 shows that some sand samples
present grains of size <0.063 mm after the first cycle of the APW test,
which suggests those particles move to depths greater than the DoC
(Aragonés et al., 2017; López et al., 2016) and therefore, responsible
for such shoreline retreat. Evidence in beach sand samples such as (i)
Playa Lisa (23) featuring a mass loss (M01) and median diameter loss
in the first cycle (D01) of 62.5% and 50.8%, respectively; (ii) Caló des
Moro (7), M01 = 40.8% and D01 = 61%; (iii) Arenal, M01 = 20.6% and
D01 = 19.7%; and Guardamar (14), M01 = 8.1% and D01 = 41.6%.
Table 3 shows a generalized tendency between D01 and M01 in
the linear correlation matrix. Both the median diameter loss of all the
particles and the mass loss of the particles >0.063 mm increase in a
linear correlation coefficient of r= 0.78, R2 = 0.61. When samples out-
side the normal range are detected (Fig. 2; see Table S1 in the supple-








Summary of the main characteristics of the sand samples.
Samples identification Cycles (n) Particle size distribution CaCo3 Mineralogy
D50 Weight Specific surface area
D0 Dn D01 Du D0n M0 Mn M01 Mu M0n S0 Sn S0n Quartz Calcite Dolomite Aragonite Albite Magnesian calcite Silvite
mm mm % % % g g % % % mm2 mm2 % % % % % % % % %
1 Acapulco 5 0.270 0.036 4.2 75.6 87 74.9 14.3 9.0 71.4 81 656 5335 713 0 79.5 – – – 20.5 – –
2 Aguamarina 5 0.217 0.069 4.9 50.7 68 74.7 28.2 11.4 43.0 62 814 3650 349 0 52.2 24.8 22.9 – – – –
3 Albir 17 0.584 0.308 10.6 5.6 47 74.8 41.4 13.7 41.4 41 341 2924 759 0.59 – 64.2 35.8 – – – –
4 Arenal 7 0.237 0.075 19.7 42.9 68 74.9 33.6 20.6 26.7 55 717 3306 361 1.21 61.0 39.0 – – – – –
5 Arenales del Sol 6 0.242 0.051 6.4 27.0 79 75.0 25.6 7.7 26.2 66 712 4119 478 10 28.8 47.5 – 9.5 14.2 – –
6 Bol Nou 35 1.421 0.483 1.9 23.1 66 75.0 40.5 2.2 3.4 46 135 3206 2284 0.08 2.2 97.8 – – – – –
7 Caló des Moro 3 0.286 0.036 61.0 19.3 87 75.0 14.5 40.8 45.9 81 616 5187 742 13.62 – 66.7 – 12.8 – 20.5 –
8 Caribe 7 0.371 0.034 8.8 10.8 91 75.0 17.9 5.6 22.5 76 475 5264 1008 7.24 – 46.4 – 53.6 – – –
9 Carrer la Mar 6 0.299 0.057 14.1 61.1 81 74.9 25.1 6.6 49.4 67 558 3903 599 0.06 69.8 29.9 – – – – 0.3
10 Deveses 3 0.199 0.027 3.6 61.0 86 74.5 1.6 5.5 94.6 98 862 6370 639 3.19 55.6 44.4 – – – – –
11 El Conde 4 0.236 0.028 5.6 35.5 88 74.7 0.5 10.2 96.8 99 723 6343 777 0 53.8 31.7 13.7 – – – –
12 El Cura 5 0.186 0.049 7.9 63.5 74 74.9 13.0 4.1 76.5 83 931 4554 389 0.87 30.8 34.1 35.0 – – – –
13 Fustera 22 1.085 0.888 1.2 0.8 18 74.7 61.1 0.0 18.1 17 177 1341 659 0.12 – 100.0 – – – – –
14 Guardamar 3 0.249 0.033 41.6 75.5 87 74.3 5.0 8.1 92.4 93 733 5690 676 6.62 30.9 24.5 44.6 – – – –
15 Krabi 4 0.209 0.070 5.4 53.9 67 74.5 26.6 3.9 54.5 64 914 3674 302 1.43 67.8 – – 32.2 – – –
16 La Caleta 9 0.324 0.045 20.2 32.6 86 74.9 20.9 1.5 34.4 72 588 4512 667 0.94 83.3 16.7 – – – – –
17 Levante 5 0.321 0.088 1.0 59.2 73 75.0 40.4 2.6 38.2 46 542 3025 458 1.36 73.6 26.4 – – – – –
18 Marineta Cassiana 4 0.279 0.041 5.6 81.8 85 75.0 7.4 3.9 88.0 90 647 4895 657 0 65.9 34.1 – – – – –
19 Molinos y Palmeras 4 0.322 0.029 12.0 70.9 91 74.8 2.7 7.5 93.6 96 634 6025 851 8.57 36.3 45.9 – 17.8 – – –
20 Portet de Moraira 5 0.378 0.039 23.7 14.5 90 74.8 25.5 13.8 18.6 66 496 4568 822 5.63 17.0 83.0 – – – – –
21 Phi Phi 5 0.282 0.041 22.7 35.9 85 75.0 19.5 9.1 41.0 74 635 4772 651 22.8 – 29.7 – 70.3 – – –
22 Playa Centro 13 0.268 0.035 6.5 20.7 87 75.0 7.6 5.9 72.0 90 625 5407 764 0.51 52.5 34.8 12.8 – – – –
23 Playa Lisa 1 0.144 0.070 50.8 50.8 51 73.8 25.7 65.2 65.2 65 1196 3379 183 4.89 43.5 56.5 – – – – –
24 S'Amarador 3 0.287 0.046 19.3 68.2 84 75.0 21.9 10.0 54.5 71 619 4511 629 8.56 – 53.4 – 15.2 – 31.4 –
25 San Juan 5 0.220 0.069 2.7 36.9 69 75.0 30.2 3.7 33.1 60 775 3786 389 0 64.0 36.0 – – – – –
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Table 3
Matrix of linear correlations of the series (all variables and samples are included). On the diagonal, in each cell, the upper value indicates Pearson correlations product moment (r),
and the lower P-value of the Anova analysis; under the diagonal, the cell indicates the R2 coefficient coloured according to Evans scale.
creases to r= 0.62, R2 = 0.39. However, this loss is not proportional to
the initial sand sample size as seen in Table 3. A weak correlation
coefficient is seen between D0 and M01 (r = −0.25), and between D0
and D01 (r = −0.25). It follows that beaches exist whose sediment con-
tains a significant proportion of particles <0.063 mm whose D0 value
is low, and whose D01 value is lower than other samples with larger
initial median diameter as is the case of Aguamarina (2) 4.2%, Aca-
pulco (1) 4.9%, and Playa San Juan (25) 2.7%, shown in Table 2.
At the end of the useful life of some sand sample particles it was
notable that their size quickly decreases to <0.063 mm in the last cy-
cle of the APW test. Table 3 shows no significant correlation be-
tween the variables in general and those related to the last cycle. How-
ever, a weak correlation (r = 0.29) between mass loss (Mu) of particles
>0.063 mm and median diameter loss (Du) may be observed. The fol-
lowing sand sample behaviour can be highlighted:
- High Mu values: Deveses (10) with 94.6%, and El Conde (11) with
96.8% feature loss of particles >0.063 mm taking place in the last
cycle of the APW test.
- High Du values: Acapulco (1) and Guardamar (14) whose median
diameter loss in the last cycle with respect to the previous cycle is
>75%. Sottomarina (26) presents a slightly less (71.4%) median di-
ameter loss.
- Some beaches show a good performance in the last cycle of the
APW test. That is, particle wear has occurred in all sizes progres-
sively throughout its useful life. They are Bol Nou (6) (Mu 3.4%/
Du 23.1%), Portet de Moraira (20) (Mu 18.6%/Du 14.5%), and Are-
nales del Sol (5) (Mu 26.2%/Du 27.0%). In Arenales del Sol, par-
ticle abrasion was correlated with the median sediment size, weight
and surface up to the last cycle. However, in this last cycle the
change was due to the carbonate dissolution (10% of CaCO3 in
the last cycle) from the calcite and the aragonite present in the sand
sample.
3.4. Mineralogy and morphology
As discussed above, D50 and CaCO3 are not the only factors inter-
vening in sand against erosion. Furthermore, Table 3 shows no signif-
icant correlation between the variable “sand origin” and the rest of the
variables. The sand origin, whether it is natural, dredged or quarry, ap-
pears to have no influence on and to be independent of the variables
analysed, although in Pagán et al. (2018) demonstrated that the sedi-
ment coming from the same source –dredge– but different strata, be-
haved differently.
Table 2 shows samples offering low resistance to weathering,
which were influenced by the dissolution of the carbonates present in
their composition. The process showed the following characteristics:
high percentages of dissolved CaCO3 at the end of its useful life, high
D50 losses, close to 90%, throughout the cycles (D0n), and low D50
losses in the last cycle (Du). The following sand samples cannot be
described in terms of behaviour by analysing their mineralogical com-
position:
a. Phi Phi (21) with a CaCO3 content of 22.8% (considered distant
from the mean; Fig. 2; see Supplementary material), D0n 85%, Du
35.9%, and Aragonite 70.3%);
b. Caló des Moro (7) with a CaCO3 content of 13.62%, D0n 87%, and
Calcite 66.7%;
c. Caribe (8) with a CaCO3 content of 7.24%, D0n 91%, Du 10.8%,
Aragonite 50% and Calcite 50%;
d. Portet de Moraira (20) with a CaCO3 content of 5.63%, D0n 90%,
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Fig. 2. Box and Whiskers plots of the variables with statistics outside the normal range.
Fig. 3. Relationship between D0 (D50 before the first cycle in the APW test) and Cycles
(number of cycles in the APW test), not including the atypical samples 3, 6, 13 and 22.
Apart from the previous cases, the different behaviour of the fol-
lowing two sand samples, Playa Centro (22) and Marineta Cassiana
(18), cannot be explained solely by analysing Table 2. Playa Centro
(22) presented an initial D50 = 0.268mm, a negligible carbonate water
Fig. 4. Regression graph of the variables D0 (D50 before the first cycle in the APW test)
and S0n (increase of the SSA between cycles 0 and n), not including atypical samples
3, 6 and 13.
content = 0.51%, and wear resistance = 13cycles. Marineta Cassiana
(18) presented a similar initial D50 = 0.279mm, a carbonate water con-
tent = 0.0% and wear resistance = 4cycles - mineralogy obtained by
XRD gave us for Playa Centro (22): 52.5% Quartz, 12.8% Dolomite,
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Quartz, 34.1 Calcite. These differences in mineralogical content can
be attributed to the weak Ca-Si clusters, weak transition zones in the
minerals, and the weak angular grains with laminar structures seen
in Marineta Cassiana (Fig. 5a). We understand that this morphology
could accelerate the wear process. The grain samples in Playa Centro,
on the other hand, were more homogeneous and rounded (Fig. 5b).
The existence of a weak correlation between variables Calcite and
number of cycles Table 3. In a linear model, the greater the presence
of the mineral, the longer the useful life of the aggregates (p, 0.60/R2,
0.36). However, this result may have been greatly influenced by out-
liers (Fig. 2 and supplementary material) - samples distant from the
norm– as is the case of Albir (3), Bol Nou (6), Fustera (13), and Playa
Centro (22). When these samples were eliminated from the analysis,
the linear correlation or non-linear regression model decreases to a
very weak correlation (linear p= −0.14/R2 = 0.02; non-linear p= −0.30/
R2 = 0.09) but the sign changes, indicating that as Calcite increases, the
number of APW cycles decreases (Fig. 6).
Another remarkable linear correlation exists between Calcite and
D0 (p, 0.70) and Calcite and Dn (p, 0.65). Should the outliers (3), (6),
and (13) be eliminated in either of the aforementioned two cases, these
correlations practically disappear. Their longer lifetime may well re-
side the fact that the particles are homogeneous and lack fissures (Fig.
5c, Fustera (13)).
In general, the presence of Quartz in the samples appears to have
a lower influence than that of Calcite on the same variables. The only
variable in which the Quartz content is more meaningful than the Cal-
cite content is in D50 variation in the last cycle (Du). Typically, when
Quartz particles are laminated, the sand grains present fractures and
fissures, which cause the rapid wear of the sample, as can be seen in
Fig. 5d for Guardamar (14).
4. Conclusions
Coastal erosion is influenced by many factors but sediment is one
of the most important factors. Thus, after analysing grains of sand
from different beaches around the world, the following conclusions
can be made:
- D50 is relevant, but not a decisive factor to explain the evolution of
the shoreline.
- High Calcite sand content is related to the rapid wear of the samples
whereas a higher Quartz content results in higher wear resistance.
- The morphology of the particle can have either a positive (very slow
abrasion rates) or a negative (very rapid abrasion rate) influence on
the sample wear.
Therefore, effective and sustainable beach nourishment requires
not only analysing grain size and mineralogy but also morphology fac-
tors need be taken into account. The first step is to achieve a sediment
with the least possible wear and tear by using homogeneous rounded
particles with neither fissures and nor conglomerates of different min-
erals.
However, although the behaviour of different sand samples in re-
lation to the APW test has been studied, the relationship between this
laboratory test and a widescale application represents a future next
step. In addition, other types of sediment with other minerals could be
studied to establish if behaviour is better, worse or similar to those al-
ready studied.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scitotenv.2018.05.024.










Science of the Total Environment xxx (2018) xxx-xxx 9
Fig. 6. Relationship between calcite content and number of total cycles.
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A summary of the most representative data obtained after the tests,
including an overview of the characteristics of the samples studied,
is provided due to the large number of samples, tests and data gener-
ated by the study. Detailed information about statistical analysis can
be found in Table S1 (Supplementary material).
- Cycles (n): refers to the number of APW cycles needed to reduce the
total grain sample to sizes <0.063 mm, indicating the end of its use-
ful life and thus of the test.
- Particle size distribution: refers to the data obtained from particle
size distribution tests.
- D0 and Dn: refer to median sediment size D50 before undergoing the
APW test, in the first cycle (0), and in the last cycle (n), once the
APW test has been carried out. In both cases, the results include all
the particles that comprise the sample.
- D01, Du and D0n: refer to the diameter loss in percentage (%) be-
tween cycle 0 and cycle 1 (01), in the last cycle (u), and between
cycle 0 and cycle n (0n) of the APW test.
- M0 and Mn: refer to weight in grams before cycle 0 and after cycle
n of the APW test. In neither case, were the particles 0.063mm com-
puted.
- M01, Mu and M0n: refer to weight loss in percentage between cycle
0 and cycle 1 (01), in the last cycle (u), and between cycle 0 and cy-
cle n (0n) of the APW test.
- S0 and Sn: refer to the average of the specific surface area (SSA) in
mm2 before cycle 0 and after cycle n of the APW test. In both cases,
the results include all the particles that comprise the sample.
- S0n: refers to the increase of SSA in percentage between cycle 0 and
cycle n (0n).
- CaCO3: refers to the amount of calcium carbonate dissolved in wa-
ter accumulated in the n cycles of the APW test.
- Mineralogy: refers to the mineralogical composition of the sand
sample in percentage (Rietveld analysis).
Statistical summary of all the variables under study. It includes
such measurements as central tendency, variability and distribution
arrangement. Particularly relevant are those features that determine
whether the sample agrees with the normal Gauss Bell distribution,
as is the case of the standardized Bias and Kurtosis. The values out-
side the range, i.e., between −2 and +2, indicate significant devia-
tion from the norm. The analysis was complemented with Box and
Whiskers charts for variables showing statistics outside the normal
range detected. Values distant from the norm were identified applying
the Tukey test either as being three times greater than the interquartile
range, or external - 1.5 times greater than the interquartile range. Out-
liers, samples with extreme values, were identified by the Grubb test.
For Grubb, any value of p< 0.05 means that this value is a significant
aberrance. Students' statistics were also analysed, which measures the
number of sample standard deviations from the average. All the infor-
mation is listed in the supplementary material (Table S1).
Table 3 shows a generalized tendency between D01 and M01 in
the linear correlation matrix. Both the median diameter loss of all the
particles and the mass loss of the particles >0.063 mm increase in a
linear correlation coefficient of r= 0.78, R2 = 0.61. When samples out-
side the normal range are detected (Fig. 2; see Table S1 in the sup-
plementary material), they are eliminated (7, 14, 23), the correlation
decreases to r= 0.62, R2 = 0.39. However, this loss is not proportional
to the initial sand sample size as seen in Table 3. A weak correlation
coefficient is seen between D0 and M01 (r = −0.25), and between D0
and D01 (r = −0.25). It follows that beaches exist whose sediment con-
tains a significant proportion of particles <0.063 mm whose D0 value
is low, and whose D01 value is lower than other samples with larger
initial median diameter as is the case of Aguamarina (2) 4.2%, Aca-
pulco (1) 4.9%, and Playa San Juan (25) 2.7%, shown in Table 2.
